Sensorimotor adaptation has traditionally been viewed as a purely error-based process. There is, however, growing appreciation for the idea that performance changes in these tasks can arise from the interplay of error-based adaptation with other learning processes. The challenge is to specify constraints on these different processes, elucidating their respective contributions to performance, as well as the manner in which they interact. We address this question by exploring constraints on savings, the phenomenon in which people show faster performance gains when the same learning task is repeated. In a series of five experiments, we demonstrate that error-based learning associated with sensorimotor adaptation does not contribute to savings. Instead, savings reflects improvements in action selection, rather than motor execution.
Introduction
Humans do a remarkably good job in compensating for natural and artificial perturbations of the sensorimotor system. This type of motor learning, adaptation, has served as a cornerstone in understanding motor control and motor memory. Studies of adaptation have highlighted an error-based form of learning in which change is driven by the difference between predicted and actual sensory feedback (Wolpert et al., 1995) . The core feature of these algorithms is that they minimize sensory prediction error, dynamically moving toward a steady state in which the adapted motor commands will result in the intended sensory outcome.
On the whole, standard motor learning models that respond only to error do a good job of describing behavior in a range of adaptation tasks. However, these models cannot account for a well-described phenomenon in learning, savings (Krakauer et al., 2005; Zarahn et al., 2008) . Savings is defined as faster learning when information is presented a second time after being forgotten, compared with the rate of initial learning (Ebbinghaus, 1913; ). This faster relearning has canonically been thought to reflect the existence of a "hidden" trace, or residual representation of the initial learning experience, even if the effects of this experience are no longer manifest. Variants of this idea have been advanced to describe changes in behavior (Ebbinghaus, 1913) or to characterize the functional role of physiological mechanisms of learning, such as the latent facilitation of synaptic potentiation (Medina et al., 2001) .
Several classes of error-based models have been proposed to account for savings in sensorimotor adaptation tasks. One class centers on the idea that multiple error-based adaptation mechanisms operate in parallel, but at different rates (Smith et al., 2006; Zarahn et al., 2008) . A second posits that people learn to switch between different internal models, one associated with the baseline context and at least one other associated with the perturbation context (Haruno et al., 2001; Lee and Schweighofer, 2009) , or that performance reflects the combined output of multiple internal models (Pearson et al., 2010) . A third class builds on the context idea but assumes that the learning process is modified by the context. For example, the large error encountered when a perturbation is reintroduced may entail the recruitment of additional error-based processes (Berniker and Körding, 2011) or lead to a change in the gain on the learning rate based on the direction and magnitude of past errors (Herzfeld et al., 2014) .
These models share the idea that savings arises from faster modification, or latent storage and subsequent recall, of internal models that specify how intended sensory goal states are translated into joint torques. In contrast, recent work has shown that the pattern of behavior observed in visuomotor savings experiments is often inconsistent with an error-based process, and may be better explained as reflecting changes in action selection that facilitate performance (Huang et al., 2011; Haith et al., 2015; Huberdeau et al., 2015; McDougle et al., 2015; Orban de Xivry and Lefévre, 2015) .
Behaviorally, it is often difficult to distinguish between performance gains that are due to faster adaptation of an internal model, recall of a strategy, or the combined effects of strategic and adaptation processes. Here, in a series of experiments using a converging set of measures, we test the hypothesis that savings arises from an action selection process rather than error-based adaptation. Specifically, we propose that, when a previously experienced perturbation is re-encountered, participants may achieve savings by recalling an aiming strategy that facilitated performance when participants first encountered the perturbation. Recalling this strategy could allow for rapid improvements in performance, even in the absence of "true" adaptation (recalibration of a sensorimotor mapping).
Materials and Methods
Participants. A total of 130 participants (43 males, age 21 Ϯ 2 years) were recruited from the undergraduate population at the University of California, Berkeley through the Department of Psychology research participation pool. All participants were right handed, as measured by the Edinburgh Handedness Inventory (Oldfield, 1971) . Participants received either class credit or financial compensation for their participation. The experimental protocol was approved by the institutional review board of the University of California, Berkeley.
Experimental apparatus. Participants reached to visual targets by sliding their hands across a table surface. Kinematic data were obtained via a six-axis magnetic position sensor (miniBird, Ascension Technology) attached to the index finger. A ceiling-mounted LCD projector projected the visual stimuli onto a screen that, through a reflecting mirror, created the illusion that the targets appeared in the same plane as the table surface (Fig. 1a) . The experimental task was implemented using custom software written in Python 2.7.
Reaching task. On each trial, the participant reached from a central starting position (1.2 cm diameter circle) to a blue target (1.6 cm diameter circle). Targets were always centered at a distance of 10 cm from the start position but could appear at either one of two positions, 30°to the left or 30°to the right of midline, or at one of four target positions positioned 90°increments around the workspace (Fig. 1b) . The target position for a given trial was pseudorandomly selected so that each target was presented 4 times out of every 8 trials (two-target conditions) or twice out of every 8 trials (four-target conditions). The projection screen and mirror precluded vision of the arm. Feedback of the position of the index finger was indicated by a small white cursor (0.8 cm diameter). The participant was instructed to "hit the blue target with your white dot, and make sure you move fast." The feedback cursor was visible until movement amplitude exceeded 10 cm. At this point, the cursor froze for 2 s (Experiments 1, 2, 4, 5) or 0.5 s (Experiment 3), providing spatial feedback of the accuracy of the reach at the target amplitude. Participants were required to traverse the 10 cm reach in Ͻ300 ms. If this criterion was exceeded, the computer played an auditory message, "too slow." At the end of the feedback period, the screen blanked and the participant was required to return to the start position without positional feedback from the cursor. To guide the participant to the start position, a white ring with a radius equal to the distance of the hand from the start position was presented. This ring turned into the feedback cursor when the hand made contact with the central start position. The index finger had to remain within the start position for 200 ms before the presentation of the next target.
Experiment 1. Experiment 1 was designed to assess the effect of perturbation size on savings. Participants (n ϭ 10/group) were randomly assigned to one of four perturbation groups: 15°, 30°, 45°, or 60°. Within each group, 10 participants completed 400 trials, divided into four phases (Fig. 1c) . The initial block of 80 trials served as a baseline to assess reaching performance in the absence of a perturbation. This was followed by an 80-trial initial adaptation block in which the cursor feedback was rotated in the counterclockwise direction (Rotation 1), with the size of the perturbation varied between groups. In the washout block, the rotation was turned off for 160 trials, allowing performance to return to baseline. The final block served as our probe of savings; here, the perturbation was reintroduced for another 80 trials (Rotation 2).
Experiment 2. Experiment 2 examined whether the savings observed with large perturbations results from faster adaptation of an internal model or from changes in action selection. For this experiment, we tested three groups (n ϭ 10/group): one exposed to a 45°rotation at the two target locations as Experiment 1, whereas the other two were exposed to either a 30°or 45°rotation at four targets spaced 90°apart around 360°.
There were five blocks in this experiment. For the two-target group, the first four blocks were the same length and order as in Experiment 1, except that the Washout 1 block was only 100 trials long, and there was a 60 trial washout block after the Rotation 2 block. The perturbation size was fixed at 45°for all participants in the Rotation 1 and Rotation 2 blocks. The fifth block was a second washout block (Washout 2), composed of 60 trials without a perturbation. In the four-target condition, the structure of the trial blocks was identical, except that the number of trials was adjusted in each block to accommodate the greater number of targets while keeping the total number of trials similar. The four-target tasks began with a Baseline of 40 trials, followed by Rotation 1 (100 trials), Washout 1 (120 trials), Rotation 2 (100 trials), and finally Washa b c Figure 1 . Experimental task. a, Each participant slid his hand across a tabletop to hit visual targets. Vision of the hand was occluded by a mirror, which reflected a back-projected visual image to create the illusion that the hand and visual targets were coplanar. b, Two-(top) and four-(bottom) target sets used in experiments. On each trial, one target was pseudorandomly selected. The participant reached from a central start location, attempting to "slice" through the target with the cursor. A trial was complete when the radial distance of the movement exceeded 10 cm, indicated here by a dotted ring. c, Task design in Experiment 1 to assess savings. Veridical feedback was provided in the baseline and washout blocks. The visual feedback was perturbed during the two rotation blocks, with the size of the perturbation the same in each of these blocks.
out 2 (40 trials). During the rotation blocks, participants were exposed to either a 30°or 45°visuomotor rotation. All other features of the fourtarget condition were identical to the two-target condition. For all groups, we assessed savings over the initial trials of Rotation 2. To evaluate whether the participants were using an aiming strategy, the savings assessment was followed by a verbal intervention in the Rotation 2 block. After the seventh trial of this block in the two-trial condition, the program was paused. The experimenter instructed the participant that, "The perturbation that just turned on will now be off for the next two trials (see Fig. 3a ). I want you to aim directly for the blue target and reach directly for the blue target on these trials." Following these two reaches, the participant was told that "the perturbation is back on" and the participant was allowed to finish the task without further interruption. For the four-trial conditions, the verbal intervention was introduced after trial 12 in the Rotation 2 block and participants performed a series of four trials, one to each target. The rotation was then reimposed for the remainder of the block.
Experiment 3. This experiment was designed to directly assay the contribution of an aiming strategy to savings in visuomotor adaptation tasks. To this end, we used the aim report technique of Taylor et al. (2014) . Briefly, numbers were displayed along a ring (10 cm circumference) in 5.625°increments, with the value increasing in the clockwise direction and decreasing in the counterclockwise direction, relative to the target position (see Fig. 4a ). Beginning with the 21st trial in the baseline block, participants were required, at the beginning of each trial, to report their intended aim, verbally indicating the number closest to where they intended to reach. Aiming directly to the target was reported as "target" or "0." Participants were randomly assigned (n ϭ 10/group) to either a 15°o r 45°rotation condition. Each group completed five blocks of trials while reaching to four targets spaced in 90°increments around 360°. The number of trials in each block was the same as the four-target conditions of Experiment 2: Baseline of 40 trials, followed by Rotation 1 (100 trials), Washout 1 (120 trials), and Rotation 2 (100 trials). At the end of Rotation 2, the program was paused and the numbers were removed from the screen. Participants were instructed to aim and reach directly to the visual location of the target for the remainder of the experiment (Washout 2, 40 trials).
Experiment 4. This experiment was designed to assess whether compensatory aiming could be controlled via an arbitrary cue, and whether the formation of such an action selection policy is dependent on the size of the perturbation. The Rotation blocks included both rotation and no-rotation trials. On trials in which the visual feedback was rotated, the cursor and return ring were presented in red. Interspersed within these rotation trials were no-rotation trials; here the cursor and return ring were white. Participants were told at the beginning of the session, "Later on, your cursor will occasionally turn red. This means something weird will happen on that trial but you are still trying to do the same thing, hit the target with your cursor." Participants (n ϭ 10/group) were randomly assigned to either a 15°or 45°rotation group. Each group completed five blocks: Baseline, Rotation 1, Washout 1, Rotation 2, and Washout 2. The baseline was 80 trials long. The rotation blocks consisted of 70 rotation ("cued") trials in which the cursor was red and rotated and 10 ("uncued") trials in which the cursor was white and the rotation was turned off (see Fig. 5a ). The 10 uncued trials were distributed unpredictably throughout the first rotation block. The same order of cued and uncued trials was repeated in the Rotation 2 block. The two rotation blocks were separated by 100 trials of washout. The final washout block was composed of 60 trials.
Experiment 5. In the final experiment, we examined how participants responded when presented with a novel perturbation, comparing conditions in which we expect an aiming strategy to be operative or not operative. Participants (n ϭ 10/group) were randomly assigned to either a 15°or 45°rotation group, with the expectation that the 45°group would use an aiming strategy. The trial structure was 80 baseline trials, 80 counterclockwise rotation trials (Rotation CCW), 160 trials of washout, and 80 trials of a 30°clockwise rotation (Rotation CW) (see Fig. 6a ). The second rotation is different in both direction and magnitude from the first rotation, providing a probe on "savings" in a novel context. Data analysis. Movement duration was defined as the interval between when the finger exited the starting region and when the radial amplitude passed 10 cm. We determined the reach trajectory between these two time samples. For each trial, position data was interpolated to 150 data points using a cubic spline. The Cartesian position data were converted to polar coordinates, and the radial component was numerically differentiated to determine movement speed independent of hand angle. Peak speed was calculated by smoothing the radial speed with a 75-window loess function and taking the maximum value of this function. The hand angle (relative to target angle) at the position of peak speed was the primary dependent variable in all of the experiments. In Experiment 3, we also performed analyses on the verbal aiming report data and the estimate of implicit adaptation.
Some of the experiments reported here used two targets spaced 60°a part, while others used four targets, spaced in 90°increments. Because of these differences, savings cannot be directly compared across these experiments. However, to standardize our savings metric, we adopted a common convention by creating a savings difference score using a measure that averaged over three reaches to each target: In two-target conditions, this was six trials; in the four-target conditions, this was 12 trials. The difference score for each condition was calculated by subtracting the mean heading angle for these three trials in the Rotation 1 block from the corresponding three trials in the Rotation 2 block. Before computing each difference score, the values were adjusted by subtracting the mean hand angle on the 10 null trials that preceded the associated rotation block. All t tests are two-tailed unless otherwise noted. Statistical calculations were made with MATLAB 2009b (The MathWorks) (t tests) and SPSS 17 (ANOVAs).
In Experiments 1 and 5, we also determined the learning rate for each participant in the two rotation blocks by fitting an exponential function of the following form:
Parameter fitting was implemented with the built-in MATLAB function fminbnd to minimize squared error. The asymptotic performance parameter, a, was set to the mean of the last 5 trials. The parameter corresponding to the total amount of learning, b, was fixed as the difference between the mean of the last 5 trials and the first trial. The only free parameter was the learning rate constant, c (Huang et al., 2011) .
Results

Experiment 1
This experiment was designed to test whether savings varied as a function of the size of the perturbation, with different groups exposed to visuomotor rotations of 15°, 30°, 45°, or 60°. Participants in all four groups learned to compensate for the rotation by moving in a direction opposite of the visual perturbation (Fig. 2a) . The visual error was substantially reduced by the end of the first rotation block (blue lines), although it fell short of full compensation.
As one measure of savings, we compared the rate of adaptation for the two rotation blocks (Fig. 2b) . A mixed-factor ANOVA with the factors Rotation Size and Block revealed a within-subject effect of Block (F (1,36) ϭ 19.38, p Ͻ 0.001) and a significant Block ϫ Rotation Size interaction (F (3,36) ϭ 3.62, p ϭ 0.022). Bonferroni-corrected post hoc analyses revealed a faster learning rate in the second rotation for the 45°and 60°groups (one-tailed t test, t (9) ϭ 4.3, p ϭ 0.001; t (9) ϭ 3.1, p ϭ 0.007), but not the 15°and 30°groups (t (9) ϭ 0.94, p ϭ 0.187; t (9) ϭ 0.50, p ϭ 0.313). Thus, savings by this measure was limited to the two groups who experienced the largest perturbations. The same dissociation is observed if we use the difference score to estimate savings, limiting the analysis to six initial trials of the rotation blocks (Rotation 2 Ϫ Rotation 1 over these trials). Here, there was a significant effect of Rotation Size (F (3,36) ϭ 6.76, p ϭ 0.001), Block (F (1,36) ϭ 25.2, p Ͻ 0.001), and interaction of these factors, (F (3,36) ϭ 5.45, p ϭ 0.003). As can be seen in Figure 2c , savings was limited to the 45°and 60°groups.
The fact that savings was limited to the two groups presented with the largest perturbations is problematic for error-based models of visuomotor adaptation (with the exception of Berniker and Körd-ing, 2011 ). These models predict that savings should be observed across different perturbation sizes; our results suggest a qualitative difference. Instead, we hypothesize that the differences in savings may arise from a process that is not adaptation, namely, the redeployment of an aiming strategy. It is increasingly recognized that participants may initially use strategies to compensate for salient perturbations in sensorimotor adaptation tasks (Redding and Wallace, 1993; Osu et al., 2002; Taylor et al., 2014) . Building on this idea, it has recently been proposed that savings in these tasks can be attributed to an action selection process (Huang et al., 2011; Haith et al., 2015; Huberdeau et al., 2015; McDougle et al., 2015; Orban de Xivry and Lefévre, 2015) . The current results are consistent with this view and indicate, more specifically, that a change in the selection of an aiming strategy causes savings. Indeed, our results raise the possibility that savings in sensorimotor adaptation tasks may be restricted to conditions that feature the prominent use of an aiming strategy.
Experiment 2
Experiment 2 was designed to indirectly assess the contribution of aiming to savings, building on the idea that aiming, an action selection process, can be under volitional control. To this end, the experiment was paused shortly into the second rotation block, and the participants were explicitly instructed to aim directly at the target. Our intention was to direct the participants to terminate the use of an aiming strategy if one was being used. In this manner, the initial trials of Rotation 2 allow us to assess savings, comparing performance here with that observed in the initial trials of Rotation 1. The probe trials allowed us to assess the degree of true adaptation. If savings is due to adaptation, then the hand angle on these trials should remain similar to that seen in the initial trials of Rotation 2 (with a slight decay due to the pause required to give the instructions). In contrast, it would be parsimonious to attribute savings to re-aiming if participants exhibit a precipitous change in hand angle following the instructions.
In the two-target condition, participants showed faster relearning of the 45°r otation (Fig. 3b) . Over the first six trials of Rotation 2, the mean hand angle was 26.8°, a value that is 16.8°larger than the value for the first six trials of Rotation 1 (paired t test, t (9) ϭ 4.38, p ϭ 0.002). When the participants were told that the perturbation was turned off and instructed to aim directly at the target, there was a 30.4°drop in heading angle between the two trials preceding the verbal intervention and the two intervention trials (Fig. 4b,c ; paired t test, t (9) ϭ 7.86, p Ͻ 0.001). The magnitude of this decline is considerably larger than what would be expected from temporal decay, which is only 20% of the adapted state (Hadjiosif and Smith, 2013) . Rather, the flexible behavior observed here is consistent with the hypothesis that savings is related to a process under volitional control; participants recalled a previously successful aiming strategy to rapidly reduce target error without a large change in their sensorimotor mapping. The small, residual 4°shift in hand angle observed during the probe trials, relative to the null trials preceding Rotation 2 (95% CI, 0.4°, 7.5°), likely reflects the degree of true adaptation that took place during the initial trials of Rotation 2. To ensure that strategy use is not limited to tasks in which reaches are restricted to a limited part of the workspace, we repeated this experiment with four target locations spaced 90°apart. Two groups were tested: one exposed to a 30°rotation and the other exposed to a 45°rotation (Fig. 3c) . The 45°group showed reliable evidence of savings in the initial trials of Rotation 2, with a 17.4°increase in the change in hand angle compared with the same trials in Rotation 1 (Fig. 4d ; paired t test, t (9) ϭ 3.92, p ϭ 0.004). In contrast, the 30°g roup did not show reliable savings, with a modest 2.7°change in hand angle over the first rotation (paired t test, t (9) ϭ 1.41, p ϭ 0.20). Furthermore, the two groups were different from one another (two-sample t test, t (18) ϭ 3.06, p ϭ 0.007). Thus, consistent with Experiment 1, savings was present for the 45°group and absent or minimal for the 30°group.
Both groups showed a significant decline in hand angle following the verbal intervention ( Fig. 4e ; 45°group mean ϭ 20.7°, paired t test, t (9) ϭ 3.94, p ϭ 0.003; 30°group mean ϭ 8.3°, paired t test, t (9) ϭ 2.43, p ϭ 0.037). The decline was larger for the 45°group compared with the 30°g roup, although this difference was only marginally significant (two-sample t test, t (18) ϭ 1.96, p ϭ 0.066). Similar to the two-target condition, both groups showed small residual aftereffects ( Fig. 4c ; blue trials; 45°group mean ϭ 2.7°, paired t test, t (9) ϭ 2.59, p ϭ 0.029; 30°group mean ϭ 3.4°, t (9) ϭ 4.02, p ϭ 0.003). The small aftereffects indicate that, not only can participants flexibly deploy an aiming strategy, but the performance gains from aiming dwarf those of adaptation.
The results from the verbal intervention in the 30°group are puzzling: Although these participants showed a drop in hand angle, indicative of aiming, they did not show reliable savings. Previous studies have reported savings with this size perturbation (Huang et al., 2011; Hadjiosif and Smith, 2013; Herzfeld et al., 2014; Haith et al., 2015; Huberdeau et al., 2015; McDougle et al., 2015; Orban de Xivry and Lefévre, 2015) . In the current results, the participants did exhibit savings, apparently because they aimed the same amount in the early phase of both rotations. In contrast, the 45°groups showed a larger change in aim from Rotation 1 to Rotation 2. We return to this roup. There is an initial period of rapid relearning, followed by a sharp change in hand angle in response to the verbal intervention. Right, Difference score between the first 6 trials of Rotation 1 and Rotation 2 blocks (red) and between the average heading angle for the 2 intervention trials and the 2 trials preceding the intervention (blue). c, Time course of hand angles for the 45°(top) and 30°( bottom) groups in the four-target groups. Savings score (d), defined by the difference between the first 12 trials of the Rotation 1 and Rotation 2 blocks and (e), verbal intervention scores (using the 4 intervention trials and 4 preintervention trials). While savings was only reliable for the 45°group, there was a drop in hand angle following the verbal intervention for both groups. Data are mean Ϯ SEM. *Significant difference. ns, Not significant.
issue in the Discussion. Taken together, the results of Experiment 2 indicate that the savings observed early in a second rotation can be attributed to aiming behavior that is under volitional control. The small residual aftereffects observed during the intervention trials suggest that aiming and adaptation occur in parallel.
Experiment 3
This experiment directly measured aiming behavior in the context of savings, asking participants to verbally report their aiming location before each reach (Taylor et al., 2014) . Participants were randomly assigned to either a 15°or 45°group to assess changes Savings assessed with aiming report task in Experiment 3. a, Left, Task schematic. Numbers were visible in ascending and descending manner around the target. Participant verbally reported the number corresponding to his/her aiming location and then performed the reach. Right, Assuming performance (heading angle) is the composite of an explicit aiming strategy and implicit adaptation, the magnitude of the latter can be estimated via subtraction. b, Overall behavior for 15°(left) and 45°(right) groups. c, Mean aiming reports (red) and implicit adaptation (blue, estimated via subtraction). Participants were instructed to aim directly for the target in the final washout block. d, Aiming reports over the first 30 trials, superimposed for Rotation 1 and Rotation 2. e, Savings difference scores for each measure. Data are mean Ϯ SEM. *Significant difference. ns, Not significant. in aim across different magnitudes of visuomotor rotation. The trial design was similar to the four-target conditions of Experiment 2, with two 100 trial rotation blocks separated by a 120 trial washout. Aiming reports were initiated halfway through the baseline block and were assessed on every trial until the end of the second rotation. In a final washout block, the numbers were removed from the screen and participants were instructed to move their hands directly to the target (Taylor et al., 2014) .
We excluded trials where the participant reported an aiming location that was more than 2 times the perturbation size, as well as trials in which the discrepancy between the reported aiming location and actual hand position was Ͼ45°. On average, this excluded 3.0% of trials in the 45°group and 2.2% of trials in the 15°group. Most of these trials came from three individuals (1 in the 45°group, 2 in the 15°group), but even for these individuals, the percentage did not exceed 10% of their total aiming trials. Statistical tests of savings were not meaningfully affected by the exclusion of these trials.
As in Experiment 1, the hand angle difference score indicated reliable savings for the 45°group (Fig. 4b,e ; mean ϭ 28°, paired t test, t (9) ϭ 7.67, p Ͻ 0.001), but not for the 15°group (mean ϭ 2.7°, paired t test, t (9) ϭ 1.43, p ϭ 0.19). This savings pattern was mirrored in the aiming report data: Participants in the 45°group showed a reliable increase in the reported aiming location for Rotation 2 compared with Rotation 1 (mean ϭ 24°, paired t test, t (9) ϭ 5.94, p Ͻ 0.001). Participants in the 15°group did not show a consistent change in the reported aiming location between the two rotation blocks (mean ϭ 1.8°, paired t test, t (9) ϭ 1.33, p ϭ 0.21).
To estimate the amount of implicit adaptation, we subtracted each participant's reported aim from the hand angle. We then calculated savings using the difference score measure with these data. Interestingly, neither group showed savings in the estimate of implicit adaptation (45°group, paired t test, t (9) ϭ 1.74, p ϭ 0.115; 15°group, paired t test, t (9) ϭ 1.06, p ϭ 0.31). Moreover, for both the overall performance and aiming report measures, savings in the 45°group was different from the 15°group (reaching: two-sample t test, t (18) ϭ 6.1, p Ͻ 0.001; aiming: two-sample t test, t (18) ϭ 5.2, p Ͻ 0.001), but not in the measure of implicit adaptation (two-sample t test, t (18) ϭ 1.2, p ϭ 0.242). All t tests here were Bonferroni corrected.
The results of Experiment 3 provide direct evidence that savings in visuomotor adaptation is associated with how participants change their aiming strategy when re-encountering a perturbation, and not associated with faster modification or recall of an internal model. Additionally, the results indicate that the larger performance changes observed with large perturbations is primarily due to changes in the explicit aiming process. Indeed, the magnitude of implicit adaptation appears to be relatively constant for the small and large perturbations (Bond and Taylor, 2015) .
Experiment 4
Prior studies have shown that, without extensive training, processes involved in sensorimotor adaptation are insensitive to arbitrary static cues (Cunningham and Welch, 1994; Miall et al., 2004; Howard et al., 2013) . For example, people have great difficulty simultaneously learning internal models for clockwise and counterclockwise rotations when the context is cued by color; under such conditions, there is substantial interference between the two contexts. However, with minimal training, people are extremely good at using novel cues to select arbitrary actions.
We exploited this difference between action selection and adaptation by designing an experiment where the presence of a visuomotor rotation was indicated by an arbitrary color cue.
These perturbation trials were interspersed with trials in which the rotation was absent (Fig. 5a ). We reasoned that if participants were employing an aiming strategy, they should be able to use the color cue to determine whether or not to use the strategy. In contrast, the color cue should have minimal effect on behavioral changes caused by adaptation.
We again compared two groups: one exposed to a 15°rotation and the other exposed to a 45°rotation. Based on the results of Experiment 1, we assume that the 45°group would use a combination of error-based adaptation and aiming. As such, their performance should switch rapidly between the cued and uncued trials during the rotations and, more important, that the color cue will result in savings on the second rotation block. Indeed, we would expect this savings to be evident on the first trial of the second rotation block, even before the perturbation has been re-experienced. In contrast, we expected to observe little flexibility in the performance of the 15°group. Figure 4b shows the time series for the two groups. There is a clear separation between hand angle on the cued and uncued trials for the 45°group, whereas there is considerable overlap for the 15°group. We quantified the effect of the cue by creating trial pairs, with each pair composed an uncued trial from the rotation blocks and its immediately preceding cued trial. These data were evaluated in a Rotation Size ϫ Block ϫ Trial Type (Cued/Uncued) mixed ANOVA (Fig. 5d) . The main effects of Rotation Size, F (1,18) ϭ 46.64, p ϭ Ͻ 0.001, and Block, F (1,18) ϭ 48.88, p Ͻ 0.001, were reliable, whereas the effect of Trial Type was not, F (1,18) ϭ 0.73, p ϭ 0.405. A three-way Block ϫ Rotation Size ϫ Trial Type interaction was reliable, F (1,18) ϭ 6.54, p ϭ 0.02, driven by simple effects of Block and Trial Type in the 45°group (F (1,9) ϭ 76.07; p Ͻ 0.001, F (1,9) ϭ 5.78, p ϭ 0.03) but not the 15°group (F (1,9) ϭ 1.36, p ϭ 0.259; F (1,9) ϭ 1.43, p ϭ 0.247). These results indicate a difference between the cued and uncued trials for the 45°group, but not the 15°group, as well as an improvement in performance on cued trials in the second rotation for the 45°group.
Performance on the uncued trials for both groups shows a gradual increase in hand angle within a rotation block. Moreover, the magnitude of this effect is similar across both rotation blocks and across the two groups. Coupled with the results of Experiment 3, this pattern is consistent with the ongoing operation of adaptation, operating with relative indifference to the size of the perturbation. We assume that this adaptation occurs even on cued trials because there remains a substantial error between the strategic aiming location and the position of cursor feedback (Mazzoni and Krakauer, 2006) . The current design provides a demonstration of the parallel operation of strategic and adaptation processes (Taylor and Ivry, 2011) in a task setting that does not overtly instruct participants to aim somewhere other than the target.
We assume that the cued trials are composed of both reaiming and adaptation, whereas the uncued trials reflect adaptation alone. If aiming strategies are being flexibly invoked by this arbitrary cue, we should be able to trigger savings with the cue alone. To test this prediction, we focused on the first trial of the second rotation. This trial offers a powerful test of the re-aiming hypothesis because the participants have yet to experience the error associated with the reintroduction of the visuomotor rotation. Therefore, if savings is observed on this trial, it can only represent a change in the selected action and not error-based adaptation.
To assess this cue-evoked savings, we computed a difference score using only the first trial of Rotation 1 and Rotation 2 (Fig.  5e) . The 15°group did not show evidence of cue-evoked savings (mean ϭ Ϫ3.8°, paired t test, t (9) ϭ 1.41, p ϭ 0.19). In contrast, the 45°group displayed significant cue-evoked savings (mean ϭ 19.4°, paired t test, t (9) ϭ 3.51, p ϭ 0.007). Furthermore, the two groups were different from each other (two-sample t test using Satterthwaite's approximation for unequal variances, t (18) ϭ 3.77, p ϭ 0.002). This cue-evoked savings in the 45°group was not the result of online feedback corrections: Individual reach trajectories were straight (data not shown), hand position was measured at peak radial speed, and the average movement time was 208 ms, a value unchanged from the mean movement time of the 10 null trials previous to Rotation 2 onset (paired t test, t (9) ϭ 0.26, p ϭ 0.80. In summary, this "first trial" analysis provides a powerful demonstration that savings in visuomotor adaptation reflects the use of an aiming strategy and that this process is not contingent on experiencing previously encountered errors.
Experiment 5
In the final experiment, we examined how an aiming plan generalizes to a novel perturbation. We exposed participants to either a 15°or 45°counterclockwise rotation in the first block and then tested both groups with a clockwise 30°rotation in the second rotation block (Fig. 6a) . Given the absence of savings for a 15°r otation observed in Experiments 1, 3, and 4, we expect that this group will provide a baseline measure of learning a reversed 30°r otation. The key question is what happens when the 45°group is tested with the reversed rotation. It may be that, given the novel context, there will be little benefit from the initial experience with a rotation; as such, performance will be similar to that exhibited by the participants who had been exposed to an initial 15°rota-tion. Alternatively, having developed a strategy to compensate for the initial 45°rotation, these participants may rapidly invoke a strategy when encountering the new perturbation. Both groups showed good learning in the first rotation block and returned fully to baseline before the second rotation ( Fig. 6b ; trials Ϫ11 to Ϫ1). Their performance in the Rotation 2 block was quite different. The group that had initially been exposed to the 15°rotation showed a standard adaptation function, with visual error decreasing in a monotonic fashion. In contrast, there were two striking features in the performance of the group who had been exposed to the 45°rotation in the Rotation 1 block. First, on the second trial of Rotation 2, 9 of 10 participants moved in a direction that amplified, rather than reduced, the visual error ( Fig. 6c,d ; one-sample t test, t (9) ϭ 2.87, p ϭ 0.02). This behavior is the opposite of what would be expected from an error-based adaptation process. Rather, when faced with the new perturbation, these participants appeared to redeploy an aiming strategy that had been useful in the previous context. Second, the participants quickly abandoned this strategy and moved in a direction that rapidly compensated for the 30°rotation. Indeed, relative to the 15°group, these participants subsequently showed faster learning of the 30°rotation.
We quantified learning rate by fitting a single exponential function over all trials of the Rotation 2 block. The learning rate parameter for the 45°group was larger than the learning rate of the 15°group (two-sample t test, t (18) ϭ 2.97, p ϭ 0.04; Fig. 5e ), indicating a faster change in behavior over the same number of trials. We propose that the participants who were initially trained with a 45°rotation were sensitized to invoke and adjust an aiming strategy upon encountering the novel rotation.
Discussion
Recent work shows that the behavior in sensorimotor adaptation tasks arises from both error-based adaptation and other learning processes and that these other processes may be responsible for savings (Huang et al., 2011; Herzfeld et al., 2014; Taylor et al., 2014; Haith et al., 2015; Huberdeau et al., 2015; McDougle et al., 2015) . Here we examined the contribution of aiming strategies to savings upon relearning in visuomotor adaptation tasks. Our results converge on two key ideas. First, savings reflects recall in the action selection domain, with participants invoking an aiming strategy when a perturbation was reintroduced. Second, errorbased adaptation does not appear to make any contribution to savings in visuomotor adaptation. This dissociation was observed whether we used indirect or direct methods to partition behavior into strategic and adaptation components.
Savings as action selection
Our results are best described by the hypothesis that savings in visuomotor tasks arises from the recall of an aiming strategy. In a sense, the term "savings" here is a misnomer, given the classic definition of faster relearning after forgetting (Ebbinghaus, 1913) . We assume that the participants never forgot the strategy but determined when or when not to use the strategy. Experiments 4 and 5 shed light on factors that can evoke aiming upon re-encountering a rotation. In both experiments, the strategy was recalled without re-exposure to the errors that drove its development in the first rotation. In Experiment 4, the aiming strategy was evoked by a color cue; in Experiment 5, it was an error of opposite sign to the previously experienced error. This suggests that, in typical savings designs, such as Experiment 1 (A-Null-A), the large error can become a cue for the recall of aiming strategies (Huberdeau et al., 2015) . The Experiment 3 results are also consistent with this idea, as re-aiming in the 45°group occurred immediately after a single perturbation trial (Fig. 4d) . Huang et al. (2011) have also proposed an action selection account of savings, arguing that savings arises from the memory of hand positions associated with successful performance during earlier presentations of a perturbation. This conceptual model would offer a different interpretation of some of our results. For example, in Experiment 5, the 45°group produced an initial shift in movement direction that had been successful in the first rotation block. We attribute this to inappropriate recall of an aiming strategy rather than a memory for hand position, but we cannot discriminate between these hypotheses with our results. Other results from the current study, however, do not align with predictions derived from the Huang model. First, their model predicts savings for all perturbation magnitudes and fails to predict the changes in aim observed in Experiment 3. Moreover, the 45°g roup in Experiment 5 showed faster learning of a novel rotation with a hand space solution that had never been experienced by the participants. More recently, Haith et al. (2015) have shown that savings is only observed when participants are given adequate time to prepare a movement and that savings can be observed with a small number of initial learning trials (Huberdeau , 2015) . These findings are consistent with our conclusion that aiming strategies are responsible for savings.
The role of perturbation size
We only observed savings with large perturbations. It is tempting to conclude that this is because aiming does not occur when the perturbation is small. However, the aiming report data for the 15°group in Experiment 3 revealed small, yet consistent, deviations from the target location. Bond and Taylor (2015) have also shown that participants use aiming strategies across a large range of rotations. Given that some form of aiming occurs with small rotations, we surmise that use of an aiming strategy alone is not responsible for savings. Rather, savings may depend on a substantial change in aiming strategy between the beginning and end of the first rotation, the absolute angular magnitude of the aiming strategy, or the relative proportion of aiming and implicit adaptation. Unlike the results from the current experiments, other studies have reported savings with 30°rotations (Caithness et al., 2004; Krakauer et al., 2005; Huang et al., 2011; Hadjiosif and Smith, 2013; Herzfeld et al., 2014; Haith et al., 2015; Huberdeau et al., 2015; Orban de Xivry and Lefévre, 2015) . We are unable to offer a straightforward explanation for this discrepancy. There can be differences between the experimental setups of different laboratories as well as differences in the instructions. These factors can affect how participants understand the task, which may in turn affect how they respond to a perturbation. Our data suggest that participants in our setup actively use aiming strategies in response to 30°rotations (see also Bond and Taylor, 2015) , but their strategy was of similar size for both Rotations 1 and 2. Importantly, our central claim, that savings is associated with action selection rather than error-based adaptation, is not dependent on the idea that there is an absolute point at which aiming or savings becomes operative.
Relationship to error-based models of savings
Our account of savings in visuomotor adaptation tasks stands in contrast to many error-based models of savings. Smith et al. (2006) presented a model in which error-based adaptation operates at two time scales. Savings comes about as a result of the interaction of these two processes. This model makes clear predictions that the degree of savings will be independent of rotation size and only observed when the slower process has not returned to a baseline state. Counter to these predictions, we observed savings in groups exposed to large rotations after a long washout where the slow process should have returned to baseline (based on parameters from Zarahn et al., 2008) . Berniker and Körding (2011) also proposed a two-process model, one in which small and large errors are treated differently. Critically, the Berniker model cannot account for savings observed when an aiming strategy is evoked by a cue rather than re-exposure to an error. As such, although we also argue that savings reveals the operation of multiple processes, we favor a model entailing the operation of two qualitatively distinct processes: an error-based adaptation process to ensure accurate response execution and an aiming process to optimize response selection. Herzfeld et al. (2014) recently published an alternative errorbased model of savings. The core idea is that errors are used to adapt an internal model of the correct movement, but also use error information to modulate future learning. Savings comes about because the system is sensitized to familiar errors. This model fails to predict a number of the results from the current study. First, the model cannot account for our finding that savings depends on rotation magnitude. Second, the model does not account for the volitional nature of aiming and its impact on savings. Third, unlike the behavior in Experiment 4, the model requires re-experiencing errors to exhibit savings. Finally, although the model does offer a novel account of generalization in savings, it would not produce an inappropriate response to a novel rotation as observed in Experiment 5.
Awareness and aiming
We have intentionally skirted the role of awareness with respect to the contrast of aiming and adaptation. In our experiments, perhaps most salient in Experiment 2 and 3, aiming is under volitional control. Indeed, we assume that the processes involved in the use of aiming strategies are generally accessible to awareness even when not directly probed, whereas adaptation always operates in an implicit manner. Although aiming strategies and adaptation differ in terms of their accessibility to awareness, we do not believe this is the defining distinction between them, choosing to focus instead on their mapping to action selection and movement execution, respectively. We expect there are features of action selection that are not, or need not be, explicit. For example, action selection may be modified through operant mechanisms in the absence of awareness (Pessiglione et al., 2008) . Similarly, it is likely that most participants were aware that the environment was perturbed following the introduction of 15°or 30°rotations in our experiments, but this did not lead to the rapid reinstantiation of an aiming strategy when the perturbation was reintroduced. Therefore, we do not consider awareness to be the defining distinction between adaptation and action selection in the context of savings.
In conclusion, it is becoming clear that motor learning results from a panoply of learning processes that allow flexible behavior in varied environments (Wolpert et al., 2011; Taylor et al., 2014; Huberdeau et al., 2015) . The current results highlight that within-session savings for a visuomotor adaptation task is accounted for by action selection (Huang et al., 2011; Haith et al., 2015; Huberdeau et al., 2015; McDougle et al., 2015; Orban de Xivry and Lefévre, 2015) , arising from the recall of an aiming strategy. As striking, we failed to observe any savings in conditions in which learning appeared to be restricted to error-based adaptation.
